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S
imultaneous manipulation of spin and
charge is the basis for spin-electronics
(spintronics), which has been demon-

strated as an attractive alternative to tradi-
tional charge-based electronics.1,2 A pro-
mising approach to fabricating key ele-
ments for semiconductor spintronics is to
substitutionally incorporate magnetic ions
into semiconductors;the class of materials
known as dilutedmagnetic semiconductors
(DMSs).3 The magnetic exchange interac-
tions between unpaired electrons of transi-
tion metal dopants and the free carriers in
the semiconductor host lattices (known as
sp-d exchange interactions) could allow for
both spin and charge of the carriers to be
manipulated by an external magnetic field.
These interactions have been extensively
studied in Mn-doped GaAs (Mn:GaAs) as
the model system.4 Despite nearly 20 years
of research into Mn:GaAs and continuing
increase in the Curie temperature,5 ferro-
magnetism in this material has been ob-
served below 200 K,6 which remains too low
for technological applications. To be practi-
cally applicable for integrated spin-based
quantum information processing, an ideal
candidate DMS should exhibit spontaneous
spin polarization at or above room tempera-
ture, have high charge carrier concentration
and mobility, and preferably be transparent
in the visible region.1 The theoretical predic-
tion7 of Zener-type ferromagnetic interac-
tions of manganese(II) ions doped in p-type
GaN above room temperature has moti-
vated numerous studies on Mn:GaN pre-
paration and properties.8�10 These studies
have often arrived at different conclusions
about the type and origin of the spin inter-
actions, from ferromagnetism at room8 or
low temperature,9 to mostly paramagnetic
and antiferromagnetic behavior,10 indicat-
ing a strong dependence of the magnetic
properties on the synthesis method and
conditions.

The bottom-up implementation of DMS-
based spintronics technologies requires
fabrication of nanostructures in which di-
lute spin interactions can bemanipulated in
a controlled fashion. Free-standing semi-
conductor nanowires (NWs) have been de-
monstrated to be a promising platform for a
variety of nanodevices, from high-perfor-
mance field-effect transistors for elec-
tronics11 and bioprobes12 to nanoscale
lasers.13 Quantitative investigation of the
electronic structure ofMn dopants and their
exchange interactions in individual GaN
NWs is therefore critical to understanding
the origin of the magnetic properties and
manipulation of the spin states in DMSNWs.
Oriented growth of NWs and the anisotropic
crystal structure of wurtzite GaN (Figure 1)
could enable the exploitation of the crystal-
line anisotropy for manipulating spin interac-
tions in individual Mn:GaN NWs. Furthermore,
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ABSTRACT Control of electron spins in individual magnetically doped semiconductor nano-

structures has considerable potential for quantum information processing and storage. The

manipulations of dilute magnetic interactions have largely been restricted to low temperatures,

limiting their potential technological applications. Among the systems predicted to be ferromagnetic

above room temperature, Mn-doped GaN has attracted particular attention, due to its attractive

optical and electrical properties. However, the experimental data have been inconsistent, and the

origin of the magnetic interactions remains unclear. Furthermore, there has been no demonstration

of tuning the dopant exchange interactions within a single nanostructure, which is necessary for the

design of nanoscale spin-electronic (spintronic) devices. Here we directly show for the first time

intrinsic magnetization of manganese dopants in individual gallium nitride nanowires (NWs) at

room temperature. Using high-resolution circularly polarized X-ray microscopy imaging, we

demonstrate the dependence of the manganese exchange interactions on the NW orientation with

respect to the external magnetic field. The crystalline anisotropy allows for the control of dilute

magnetization in a single NW and the application of bottom-up approaches, such as in situ nanowire

growth control or targeted positioning of individual NWs, for the design of networks for quantum

information technologies.

KEYWORDS: nanowires . diluted magnetic semiconductors . GaN . doping .
anisotropy . magnetic ordering . X-ray absorption . XMCD . STXM
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faceting and growth direction of GaN NWs can be
manipulated by the adsorption of Mn dopants on the
NW surfaces during incorporation,14,15 allowing for
both spin polarization and anisotropy control. Despite
significant interest in Mn:GaN NWs in recent years,14�21

many of their properties are still not well understood.
The information about Mn dopants has largely come
from ensemble measurements, including X-ray photo-
electron spectroscopy,21 electron energy loss spectro-
scopy,18 photoluminescence,16 and X-ray absorption
spectroscopy (XAS),17,21 which detect all Mn species,
including those co-deposited outside of the NWs dur-
ing their growth by the chemical vapor deposition
(CVD) method. Manipulation and measurements of
dopant spin interactions within a single NW require a
spin-sensitive dopant-specific nanometer-size probe

with high spectral resolution. Suchmeasurements could
lead to the design of integratedNW-based architectures
for quantum information processing. Here we demon-
strate a precise control and measurement of the mag-
netic exchange interactions of Mn dopant ions within
individual GaN NWs. Using circularly polarized scanning
transmission X-ray microscopy (STXM) imaging, we
show intrinsic room temperature magnetic ordering of
Mn2þ/3þ ions substitutionally embedded into GaN NWs
and demonstrate that the magnetization is strongly
dependent on the orientation of the NWs relative to
the external magnetic field. The dependence of the
effective magnetic moment on the NW orientation is
attributed to the crystalline anisotropy of wurtzite GaN
lattice and could potentially be used to form networks
for nanowire-based spintronic circuitry.

Figure 1. Crystal structure ofwurtzite GaN showing a unit cell (left) and the coordination of a gallium ion site (right). Ga atoms
are shown as green and N as red spheres. The orientation of the unit cell is shown with respect to the crystal coordinate
system.

Figure 2. (a) STEM image ofMn:GaN nanowire showing triangular cross section. (b) HAADF-STEM image ofMn:GaN nanowire
from part (a). Inset: magnified section of the image showing characteristic dumbbell structure consisting of pairs of Ga atoms
separated by ca. 6 Å. The positions of Ga atoms are indicated with blue spheres. (c) EDX spectrum of a typical Mn:GaN
nanowire. The nanowire region corresponding to the spectrum is designated with a circle in the inset. Mn doping
concentration is determined to be 4.5( 0.3%. (d) EDX elemental line scan profile of the nanowire in (c), indicating very similar
Mn (yellow) and Ga (red) profiles. The line profiles are overlapped on the nanowire image. Mn profile is multiplied by a factor
of 10 for clarity.
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RESULTS AND DISCUSSION

Atomic-Level Structure of Mn Dopants in GaN Nanowires.
Manganese-doped GaN NWs were synthesized by
chemical vapor deposition (CVD), using Mn starting
concentration of ca. 10 atom % ([Mn]/[Ga] ≈ 0.10).
Most of these NWs had triangular cross section and
grew along the Æ1010æ direction, as previously reported
for the samples synthesized with similar starting con-
centration of Mn precursor (Figure 2a and Figure S1 in
Supporting Information).15 Figure 2b shows high-angle
annular dark-field (HAADF) scanning transmission elec-
tron microscopy (STEM) image of Mn:GaN NW from
Figure 2a. This technique is sensitive to changes in the
atomic number (Z) within the specimen and is often
referred to as Z-contrast imaging. Due to a signficantly
higher Z value of Ga with respect to N, only Ga sites are
directly observed. Horizontally elongated spots in the
image correspond to two Ga3þ sites separated by ca. 6 Å
(Figure 2b, inset). This dumbbell structure characteristic for
wurtzite GaN remains intact upon Mn ion incorporation.
Careful inspection of different NWs with this resolution
and atomic weight specificity rules out the presence of
secondary phases of Mn dopants, even in very small
domains, within individual NWs. The average doping
concentration was determined by energy-dispersive
X-ray (EDX) spectroscopy to be 4.5 ( 0.3 atom %

(Figure 2c). EDX elemental line scan profile of the same
NW recorded perpendicular to the growth direction is
shown in Figure 2d. The line scan profile of Mn is in good
agreement with that of Ga, indicating largely random
distribution of Mn across the NW.15 Although Mn:GaN
NWs obtained by the CVD method under the given
conditions can practically be considered homogeneously
doped, we note that, at some places along the NW, Mn
profile may be slightly lower in the middle of the NW
relative to Ga. This is occasionally observed close to the
NW tips and is associated with the doping mechanism
involving binding of Mn intermediates to the NW sur-
faces (vapor�solid rather than vapor�liquid�solid dop-
ing mechanism).15,22

To understand the electronic structure and oxida-
tion state of Mn dopant ions in individual NWs, we
employed STXM (Figure 3). In these experiments, a
monoenergetic X-ray beam (ca. 30 nm in diameter)

Figure 3. Schematic representation of STXM. X-rays from
the synchrotron source are passed through the pinhole. The
Fresnel zone plate focuses the X-ray beam through order
sorting aperture (OSA) in the sample plane. The specimen is
raster-scanned in the focal plane of X-rays, and the trans-
mitted photons are recorded by an X-ray-sensitive detector
generating an image of the specimen. For XMCD measure-
ments, the beam polarization (>95%) is achieved by the
choice of a proper undulator.

Figure 4. (a)Mn L2,3-edgeX-ray absorption spectra of single
Mn:GaN NWs obtained by STXM at 300 K. The image in the
inset, taken with 633.0 eV photons, shows the area of the
specimen fromwhich the spectra were extracted (scale bar,
0.5 μm). The spectra correspond to the NW regions desig-
nated with the analogous colors in the image. (b) Mn L2,3-
edge single NW absorption spectrum (black) compared to
the theoretical spectra of Mn2þ (red) and Mn3þ (purple) in
tetrahedral coordination calculated by CI cluster-model
method (taken from ref 26). Linear combination analysis
suggests the experimental spectrum is well matched to the
theoretical spectrum for the dopant composition of 70%
Mn2þ and 30% Mn3þ (green).
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provided by a third-generation synchrotron source is
focused on a particular area of the sample, and an
image is generated by monitoring the transmitted
X-ray signal as the specimen is raster-scanned at the
focus of the X-rays (Supporting Information movie).
Figure 4a (inset) shows a STXM image of typical NWs,
collected using 633 eV X-ray beam. The absorption
spectrumof a particular sample area at a given element
edge is reconstructed from the stack of images by
monitoring the transmitted intensities for different
photon energies. Mn L2,3-edge spectra corresponding
to the selected NW areas are shown with analogous
colors in Figure 4a. The structured asymmetric peak
centered at approximately 640 eV can be assigned to
L3-edge (predominantly pfd in character) and the
lower intensity feature centered at∼651 eV to L2-edge
absorption. Both spectra are very similar, indicating
high wire-to-wire uniformity in Mn ion speciation (also
Figure S2, Supporting Information). Theoretical model-
ing of the Mn K-edge X-ray absorption spectra has
suggested that the substitutional model with Mn
dopants on Ga3þ sites best simulates the experimental
data.23 This finding is consistent with the extensive
density functional theory calculations,24 which have
predicted that the formation energy of the substitu-
tional Mn in GaN is significantly smaller (by ca. 5�7 eV)
than the formation energies of interstitial octahedral or
tetrahedral Mn species. Furthermore, the L-edge spectra
corresponding to interstitial Mn in GaN are expected to
be significantly different from substitutional (simple or
neighboring N split interstitial) sites.25 We therefore
considered substitutional sites as the most likely form
of Mn incorporation. To further understand the nature of
the doping sites and theMn oxidation state, we analyzed
the data with respect to the theoretical spectra for Mn2þ

and Mn3þ in tetrahedral (Td) coordination calculated by
configuration�interaction (CI) cluster-model method.26

The red and purple traces in Figure 4b represent the L2,3-
edge spectra of tetrahedralMn2þ andMn3þ, respectively.
While the general features of these two spectra are
similar, there is a significant structural difference, parti-
cularly in the L2 region,which has amultiplet structure for
Mn3þ.26 The similarity between the Mn L2,3-edge spectra
of single Mn:GaN NWs and the simulated spectra indi-
cates that Mn ions are present in Td coordination in GaN
NWs. Careful examination of the experimental data
(Figure 4b, black trace) indicates that both Mn2þ and
Mn3þ contribute to the observed spectrum, although
Mn2þ is the dominant form. To analyze more quantita-
tively the oxidation states of Mn in single Mn:GaN NWs,
we performed linear combination analysis using the
calculated spectra of Mn2þ and Mn3þ. The best fit of
the experimental data is obtained for approximately 70%
Mn2þ and 30% Mn3þ (Figure 4b, green trace).

Magnetic Properties of a Single Mn-Doped GaN Nanowire.
Magnetization properties of single Mn:GaN NWs aris-
ing from Mn dopant ion interactions were studied by

X-ray magnetic circular dichroism (XMCD) imaging
using STXM. XMCD measures the difference in absorp-
tion of left circularly polarized (LCP, F�) and right
circularly polarized (RCP, Fþ) X-ray beams in external
magnetic field and provides for highly specific detec-
tion of exchange interactions of Mn dopant ions in
individual NWs. For XMCD measurements, the NWs
were deposited on a TEM grid which was mounted
between small device-size magnetic poles (Figure 5a)
and tilted in the beam path (ca. 30� from normal
incidence) to allow for a parallel component of the
magnetic field relative to the X-ray propagation direc-
tion (Figure 5b). The selected NWs were imaged alter-
nately with Fþ and F� X-rays at different photon
energies, allowing for an extraction of XMCD spectra
with nanometer scale spatial resolution. An imbalance
of the spin-up and spin-down states in partially popu-
lated d orbitals, associated with the net magnetic
moment, can be effectively probed by the excitation
of 2p core electrons to unfilled 3d states (d holes) by Fþ

and F� photons (Figure 5c). The angular momenta of
the photons with the opposite helicity are coupled
with the excited photoelectrons and subsequently
transferred to spins through spin�orbit coupling.2,27

The sign of dichroic signal is opposite for L3- and L2-
edges because they have opposite spin�orbit cou-
pling (l�s and lþs for L2 and L3, respectively). Figure 5d
shows the absorption spectra for Fþ and F� and the
corresponding XMCD spectrum of a typical NW in the
region parallel to the magnetic field direction (orange
area in the inset of Figure 5d). The observed XMCD
spectrum attests to the room temperature magnetiza-
tion arising from substitutional Mn dopant ions in
the nanowire. The determination of the spin (mS =
�2ÆSzæμB/p) and orbital magnetic moment (mL =
�ÆLzæμB/p) contributions to the total effectivemagnetic
moment in the units of μB/atom is possible by the use
of sum rules,28 neglecting the expectation value of the
magnetic dipole operator ÆTzæ:

mL ¼ � 4
3
Nh

Z
(ΔFL3 þΔFL2)dEZ

L3 þ L2

(Fþ þ F�)dE

mS ¼ � 2Nh

Z
(ΔFL3 � 2ΔFL2)dEZ
L3 þ L2

(Fþ þ F�)dE
þ 7ÆTzæ

(1)

whereΔFL2 andΔFL3 are the XMCD signals (F�� Fþ) at
the L2- and L3-edges, respectively, Nh is the number of
d holes, and the denominators are the total integrated
sum spectra for Fþ and F�. On the basis of the ratio of
Mn ions withþ2 andþ3 oxidation states, we used a Nh

value of 5.3 for this calculation. This analysis allows for
the quantitative determination of the effective mag-
netic moment contributions such thatmS = 0.27 μB/Mn
and mL = �0.03 μB/Mn. A relatively large contribution
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of mL (ca. 10%) having the opposite sign of mS indi-
cates a significant spin�orbit interaction in GaN NWs,
and that mS and mL are coupled antiparallel. The
determined net magnetic moment is estimated to be
at least an order of magnitude larger than the magne-
tization of paramagnetic Mn:GaN crystals,10 suggest-
ing a long-range ordering ofMndopants inGaNNWs. It
should be emphasized that this magnetization is de-
tected at subsaturation effective magnetic field
strength (<0.1 T). Therefore, it is notable that this dilute
intrinsic magnetic ordering can be observed and
quantitatively determined at room temperature in
individual NWs using a miniature device-size magnet.
Although these data indicate intrinsic ferromagnetism
arising from Mn dopants, the mechanism of magnetic
ordering may still be open to debate.25,29,30 The sub-
stitution of Mn2þ for Ga3þ leads to hole formation in
GaN NWs, which can mediate magnetic ordering,

although possibly by a mechanism30 different from
that initially proposed by Dietl et al.7 The defects25 and
surfaces29 may also have a significant impact on
ferromagnetic interactions in one-dimensional DMSs.
Unlike the XMCD spectrum of the NW section oriented
parallel to the direction of the magnetic field, the
spectrum of the NW area oriented 37� with respect
to the magnetic field direction (Figure 5e) showsmuch
lower intensity of the magnetic moment for nearly
identical average absorption intensity.

Anisotropy-Tunable Spin-Exchange Interactions in Mn-Doped
GaN Nanowire Assembly. The dependence of the spin
magnetic moment on the NW orientation suggests
anisotropy effect on themagnetic exchange interactions.
For dilutemagnetization, it is unlikely that the orientation
dependencecomes fromthe shapeanisotropy.31 Instead,
we hypothesized that crystalline anisotropy is responsi-
ble for the observed difference in magnetization for the

Figure 5. (a) Photograph of the experimental setup for XMCD measurements by STXM. A fraction of a TEM grid with
deposited nanowires (1) is placed between the poles of the device-size magnet (2). (b) Configuration of XMCD microscopy
measurements. The setup shown in (a) is placed in the beampath ca. 30�with respect to the normal incidence, which allows a
component of the applied magnetic field (<0.1 T) to be oriented parallel to the propagation of the circularly polarized
photons. The spectra were obtained by alternate imaging with LCP and RCP photons. (c) Schematic representation of the
density of states (DOS) of Mn in GaN nanowires indicating the spin orientations (blue and red arrows). The XMCD transitions
occur from the spin�orbit split 2p shell to empty 3d states of Mn dopants (black arrows). (d,e) Mn L2,3-edge XMCD spectra
collected at 300 K of a nanowire in the region parallel (d) andmaking 37� angle (e) with themagnetic field direction, obtained
as a difference between F� (red) and Fþ (blue). The nanowire regions corresponding to XMCD spectra are shown in the insets
(scale bars, 0.8 μm).

A
RTIC

LE



HEGDE ET AL. VOL. 5 ’ NO. 8 ’ 6365–6373 ’ 2011

www.acsnano.org

6370

two investigated areas of the NW. To establish the origin
of the dependence of Mn exchange interactions on the
NWorientation, we plotted themaximumL3-edge XMCD
intensities, corresponding to the equivalent average
absorption spectra, as a function of the angle θ be-
tween the NW orientation and the magnetic field
direction (Figure 6a, red squares). The effective mag-
netic moment of Mn decreases with increasing θ,
becoming nondetectable for θ = 90�. Spontaneous
magnetization in different crystallographic directions
is characterized by the magnetocrystalline anisotropy
energy (Ean), which has theminimumvalue for the easy
axis of magnetization.31 The anisotropy energy for
uniaxial crystals is described by a series expansion,
which can be reduced to

Ean ¼ K0 þ K1 sin
2 θ (2)

where K0 and K1 are anisotropy constants. Calculations
of the anisotropy energy have shown that the Mn
magnetic moment is oriented preferentially along
the Æ1010æ direction in GaN,29 which is the dominant
NW growth direction in this study. The results of this
work are therefore in agreement with the theoretical
predictions.29 Other contributions to magnetic anisot-
ropy include the anisotropy of the local potential
experienced by the bound hole32 or possibly the
contribution arising from Mn3þ. The difference in
energy of magnetization per unit volume of material
for magnetic moments parallel and perpendicular to
the easy axis is E^ � E ) = K1. Therefore, Ean should be

inversely correlated with magnetization and increase
symmetrically to a decrease in XMCD intensity, obey-
ing sin2 θ dependence (Figure 6a, green spheres).
Conversely, XMCD intensity itself follows cos2 θ de-
pendence (Figure 6a, red line). The measured variation
of XMCD intensity attests to the magnetocrystalline

Figure 6. Orientation-tunable spin interactions in single Mn:GaN NWs. (a) XMCD intensity measured at 640 eV (at 300 K) vs
angle θ between the nanowire long axis and the magnetic field direction (red squares). This relation is opposite from
XMCD 3 sin

2 θ dependence on θ (green spheres), indicating crystalline anisotropy origin of the change in XMCD intensity with
nanowire orientation. Red and green lines are simulated cos2 θ and sin2 θ dependences, respectively. (b) STXM image (at 633
eV) of two joinednanowires (thepoint of junction is indicatedby theblack arrow). The circled areas indicate the regionson the
nanowires probed by XMCD. The direction of the magnetic field is parallel to dx. (c) Simulated relative change in magnetic
moment based on the change in crystalline anisotropy energy along dx (upper part). The colored lines above the graph
indicate the NW orientation with respect to the magnetic field direction (black lines). Measured XMCD intensities in the
regions circled in part (b) are shown with analogous colors in the lower part as a function of dx. Error bars indicate standard
uncertainty in XMCD measurements (y-axis) and dx range for the NW regions from which XMCD was extracted (x-axis).

Figure 7. XMCD spectra (300 K) of two NWs (shown in the
insets) having the opposite orientation with respect to the
magnetic field. The change in the sign of XMCD for two NW
orientations attests to the reversal in spin orientation. Scale
bars, 0.8 μm.
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anisotropy as the origin of the magnetization depen-
dence on the NW orientation. These results demon-
strate tunability of dilute spin-exchange interactions in
DMS NWs at room temperature through NW orientation.
This orientation dependence was confirmed by the anal-
ysis of at least 10 different NWs that we were able to
investigate during the given experimental time, demon-
strating the reproducibility of the effect within the sample.

The orientation dependence can, in principle, be
exploited to design nanowire-based network structures
that could be used for quantum information processing.
One such example, shown in Figure 6b, is a simple motif
of alternate NW orientations, which can be formed by
selecting the NWs based either on their longitudinal
morphologyor simple vanderWaals bondingofdifferent
NWs. Both examples are demonstrated in Figure 6b, in
which two bent NWs are joined together forming a
recurring motif. The expected XMCD intensity for the
magnetic field direction shown in Figure 6b should
change with the NW orientation according to cos2 θ
dependence. The simulated relative change in magnetic
moment as a function of the NW projection distance
along the magnetic field direction (dx) is shown in
Figure 6c (upper part). Experimentally measured Mn L3-
edge XMCD maxima corresponding to normalized ab-
sorption spectra recorded along the NW assembly show
very good agreement with the predicted magnetization
behavior (Figure 6c, colored squares), demonstrating the
potential to reproducibly tune the magnitude of Mn
dopant exchange interactions by NW orientation.

An important aspect of exploiting NW orientation
for controlling spin-exchange interactions of magnetic
dopants is the possibility of the reversal of spin polar-
ization. Figure 7 shows XMCD spectra of two NWs
(shown in the insets) making an angle of ca. 30� with
the magnetic field direction, but in the opposite direc-
tions;one clockwise the other one counterclockwise.
The opposite NW orientation is equivalent to different
handedness, which can also be achieved by switching
the poles of the magnetic field, or rotating the speci-
men 180� around the vertical axis. This difference in the
rotational direction results in reversal of the signs of
XMCD peaks, indicating opposite spin orientation for
two different NW configurations. On the basis of the

orientation-dependent magnetization of NWs demon-
strated in this work, it is expected that the magnetic
susceptibility of as-synthesized NW samples measured
by an ensemble method should be negligible. This
hypothesis was confirmed by measuring the magnetic
hysteresis loop of the NWs on the growth substrate
(Figure S3, Supporting Information), which shows only
very small residual net magnetic moment. The com-
parisonwith ensemblemeasurements underscores the
importance of single NW magnetization studies for
truly understanding the magnetic properties of DMS
NW systems. The ability to tune the magnitude and
sign of the spin-exchange interactions in single NWs at
room temperature using small device-size magnetic
fields demonstrates the feasibility of nanowire-based
spintronic circuits and opens the door for building
networks for scalable quantum information processing
by assembling individual NW elements.

CONCLUSION

Using XAS and XMCD measurements in STXM con-
figuration, we quantified the electronic structure and
intrinsic spin and orbital magnetic moments of Mn
dopants in a single GaN nanowire at room tempera-
ture. This work demonstrates strong anisotropy de-
pendence of dilute magnetization in GaN nanowires
and allows for a control of the dopant exchange
interactions within single nanowires or in nanowire
assembly, based on their growth and positioning.
Manipulation of dilute magnetization in individual
semiconductor nanowires at room temperature offers
unprecedented opportunities for future spintronics
and quantum information processing technologies.
These results inspire future studies of doped nanowires
at even higher spectral and spatial resolution, which
may reveal new possibilities for spin manipulation in
semiconductor nanostructures33 and improve the mi-
croscopic understanding of dilute magnetic ordering
in nanoscale semiconductors. With the development
and optimization of nanowire growth and assembly
techniques, including Langmuir�Blodgett technique34

and superlattice nanowire pattern transfer,35 the
potential for fabrication of practical nanowire spintronic
devices could become a reality.

METHODS

Synthesis of Mn-Doped GaN Nanowires. Mn-doped GaN nano-
wires were synthesized by the chemical vapor deposition (CVD)
method.14,15 The synthesis was performed fromGametal ingots
(99.99%, Strem Chemicals) and anhydrous MnCl2 (97%, Alfa
Aesar) under the flow of gaseous ammonia (50 sccm, high purity,
grade 5.5) and hydrogen (100 sccm, high purity, grade 5). The
nanowires were grown in a 2 in. three-zone tube furnace at 950 �C
on a sapphire substrate, which was placed about 1 cm down-
stream of the solid precursor mixture. Nickel nanoparticles, pre-
pared in situ from Ni(NO3)2 deposited on the growth substrate
from an ethanol solution, were used as catalysts. The reaction was

allowed to proceed for 20min at the pressure of 200 Torr, at which
point the gas flow was stopped, and the reaction products were
allowed to cool slowly under an argon flow.

Characterization. The samples were characterized with X-ray
diffractometer (XRD, INEL), scanning electron microscope (SEM,
LEO 1530), and high-resolution transmission electron micro-
scope (HRTEM, JEOL 2010F). Z-contrast scanning transmission
electron microscopy (STEM) experiments were performed with
FEI Titan 80-300 cubed electron microscope at the Canadian
Centre for Electron Microscopy at McMaster University. The
microscope is equipped with a hexapole-based aberration
corrector for the image forming lens (which forms the high
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annular dark-field image) and a corrector for the probe forming
lens. The instrument can achieve subangstrom resolution for
phase contrast imaging and STEM.

STXM Imaging. Scanning transmission X-ray microscopy
(STXM) experiments were carried out at Soft X-ray Spectro-
Microscopy (SM) beamline (10ID-1) the Canadian Light Source,
which is capable of generating soft X-rays in the range of
130�2500 eV. A polarized X-ray beam was obtained using a 2
m long, 76 mm period Apple II undulator. The X-ray beam was
passed through a pinhole aperture and focused on the sample
plane using Fresnel zone plate (ZP). The beam from the ZP
passed through a molybdenum-based order sorting aperture
(OSA), with a 50 μmpinhole. TheOSA allowed only first-order ZP
diffracted light to pass. An image was generated by capturing
the transmitted X-ray signal from a region of interest. The
scheme of STXM experimental setup is shown in Figure 3.

XAS and XMCD Measurements and Data Analysis. For XAS measure-
ments, the NWs were deposited on a silicon nitride substrate
from a dilute suspension in ethanol. Image stacks were
collected for different energies from 633.0 to 660.0 eV
(Mn L2,3-edge) at room temperature (ca. 300 K). The analysis
of the X-ray microscopy images and spectra was performed
using Axis 2000 software. The collected image stacks were
aligned using Jacobson Analysis software. A given image stack
for a particular set of energies contains the intensity of the
transmitted X-rays, which was converted into optical density
(OD) values using the relation ln(I/I0), where I is the signal
transmitted through a desired sample area and I0 is the signal
from the image area with no sample. For XMCD measure-
ments, NWs were deposited on a TEM grid, which was sliced
under an optical microscope in three parts of nearly equal
width. The middle section was fixed on a nonmagnetic rod
using epoxy and placed between the poles of a small perma-
nentmagnet (Figure 5a). This setupwas inserted into the beam
path so that the X-ray beam directionmakes a∼30� angle with
the specimen normal. This angle allows for a magnetic field
axis to be parallel to the beam propagation direction
(necessary for a dichroism effect) as well as an unobstructed
beam path and sufficient specimen projection for convenient
data collection. Circularly polarized light was obtained by
choosing a proper undulator. The selected specimen area
was imaged at each energy alternately with the opposite
photon helicity (Fþ and F�) to eliminate any possible incon-
sistencies over time. Room temperature XMCD measurements
were carried out at the Mn L2,3-edge. The absorption spectra
for Fþ and F� were obtained in the same way as for XAS. The
determination of the spin (mS) and orbital magnetic moment
(mL) contributions to the total effective magnetic moment in
the units of μB/atom is possible by the use of sum rules (eqs 1),
as described in the text. The expectation value of themagnetic
dipole operator ÆTzæ is readily neglected.28 The orbital momen-
tum branching ratio is influenced by spin�orbit interaction-
based imbalance between d3/2 and d5/2 final states.

36 Due to
the resulting nonvanishing strong orbital momentum, no spin-
correction factor was applied.
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